ined mutations in the authentic human SCN1A channel in the presence of ␤1 and ␤2 subunits. Here, we characterize the functional effects of three mutations in the human neuronal sodium channel ␣ We report here the successful cloning and functional characterization of human SCN1A along with electrosubunit SCN1A by heterologous expression with its known accessory subunits, ␤1 and ␤2, in cultured physiological experiments demonstrating biophysical disturbances conferred by three distinct GEFSϩ mutamammalian cells. SCN1A mutations alter channel inactivation, resulting in persistent inward sodium curtions. Our findings indicate that GEFSϩ is caused by a defect in sodium channel inactivation that leads to a rent. This gain-of-function abnormality will likely enhance excitability of neuronal membranes by causing persistent inward current during sustained depolarizations. This defect will likely cause prolonged neuronal prolonged membrane depolarization, a plausible underlying biophysical mechanism responsible for this depolarization leading to increased firing frequency and enhanced excitability. inherited human epilepsy.
Introduction Results

Idiopathic epilepsy is a common, paroxysmal, and cliniCloning and Functional Expression
dependent inward sodium current were used for electroapplication of 10 M TTX, thus excluding a leak current ( Figure 2D ). The size of the noninactivating current varphysiological experiments. Figure 1 illustrates the biophysical behavior of recomied among the mutants, but was largest in R1648H-expressing cells (in percent of peak current: WT-SCN1A, binant human wild-type SCN1A (WT-SCN1A) coexpressed with human ␤1 and ␤2 subunits. Rapidly activat-0.2% Ϯ 0.1%, n ϭ 4; R1648H, 4.2% Ϯ 0.6%, n ϭ 5, p Ͻ 0.0005 versus WT-SCN1A; T875M, 1.5% Ϯ 0.2%, n ϭ ing and inactivating voltage-dependent inward currents were observed in response to depolarizing test poten-4, p Ͻ 0.001 versus WT-SCN1A; W1204R, 0.9% Ϯ 0.2%, n ϭ 8, p Ͻ 0.01 versus WT-SCN1A). A characteristic tials and were generally robust (typical peak current amplitude range 1-5 nA; Figure 1A ). Endogenous inward displayed by noninactivating sodium channels is the inappropriate activation of inward current during a slow currents larger than 0.2 nA were never observed in nontransfected cells. Peak activation of sodium current ocdepolarization. This feature was demonstrated by comparing the responses of WT-SCN1A to R1648H using curred at Ϫ10 mV ( Figure 1B) , and the expressed currents were highly tetrodotoxin (TTX) sensitive (data not the voltage-ramp protocol illustrated in Figure  5C ) closely resembled the whole-cell data presented in Figures 1 and 2 . These data indicate a significant inactivation defect present in R1648H channels that explains the disturbance in sodium channel behavior observed in whole-cell recordings ( Figure 2D ).
Discussion
We have extensively investigated the biophysical properties of three distinct GEFSϩ mutations using recombinant human SCN1A coexpressed heterologously in cultured mammalian cells with human accessory subunits ␤1 and ␤2. Because all essential molecular elements necessary for assembly of human neuronal sodium channels (Catterall, 1992) were provided, our experiments have a high likelihood of revealing the true functional defect responsible for this disease. Using this Jefferys, 1995) . Determining the precise celluhavior is reminiscent of the channel dysfunction associated with two other human sodium channelopathies: lar consequences of this defect in the nervous system requires further study. hyperkalemic periodic paralysis and congenital long QT syndrome. Mutations in genes encoding the muscle soThe variable magnitude of noninactivating current that we observed for the three distinct GEFSϩ mutations dium channel (SCN4A) (Cannon, 2000) or the cardiac sodium channel (SCN5A) (Bennett et al., 1995) have been may potentially correlate with the severity of the phenotype, although genotype-phenotype relationships are demonstrated to cause defects in fast inactivation manifesting as a small but significant noninactivating late difficult to construct reliably at this point from the small number of reported families. Other biophysical distursodium current. Interestingly, at the tissue level, this type of channel dysfunction may result in increased exbances were also observed in the SCN1A mutants, but none were exhibited uniformly by all alleles. For mutants citability, giving rise to myotonia in skeletal muscle and ventricular arrhythmia in the heart. In muscle, however, T875M and W1204R, differences in the voltage dependence of inactivation and activation, respectively, are persistent depolarization of the sarcolemma can also cause widespread inactivation of normal sodium chanconsistent with a gain-of-function. However, the enhancements in the slow component of recovery from nels, leading to excitation failure and paralysis (Cannon et al., 1993) . inactivation observed for T875M and R1648H may result in reduced sodium current density during long depolarOur data provide an important insight into the pathophysiology of sodium channel dysfunction in epilepsy.
izations or repetitive stimulation. These additional functional defects may help explain subtle phenotypic differWe speculate that a small noninactivating inward current facilitates neuronal hyperexcitability because of a reences between individuals carrying different mutations, but more work is needed to make these associations. duced threshold for action potential firing. The noninactivating currents we observed in cells expressing Genetic modifiers and environmental factors are also likely to impact substantially on disease expression. In-GEFSϩ mutants may correlate with characteristic interictal activity, known as paroxysmal depolarization dividuals with GEFSϩ appear to have an intrinsic seizure-prone condition in which seizures may be triggered shifts, observed in epileptic foci and in vitro models of epileptic neuronal circuits (Ayala et al., 1970; Matsumoto by fever or other unidentified nonfebrile factors (Scheffer Expression of SCN1A, ␤1, and ␤2 was achieved by transient plaswhere t is the time, A is the fraction of channels inactivating with mid transfection using Qiagen Superfect reagent. Approximately 6 time constant i ( f and s represent fast and slow time constants, g of total DNA was transfected (plasmid mass ratio was ␣:␤1:␤2 ϭ respectively), and K is the manually selected point of onset of expo-10:1:1). The human voltage-gated sodium channel auxiliary subunits nential macroscopic current decay. Data for determining the voltage h␤1 and h␤2 were cloned into plasmids containing the marker genes dependence of activation was derived from calculating conduc-CD8 (pCD8-IRES-h␤1) or GFP (pGFP-IRES-h␤2) along with an intertances using the formula: nal ribosome entry site. Cells were passaged 24 hr after transfection and incubated 24 hr before their use in electrophysiology experi-G(V) ϭ I(V) V Ϫ E rev , ments. Transfected cells were dissociated by brief exposure to trypsin/EDTA, resuspended in supplemented DMEM medium, and alwhere I(V) is the peak raw current at the clamping potential V, and lowed to recover for ‫03ف‬ min at 37ЊC in 5% CO 2 . CD8 antibody-E rev is the estimated reversal potential. Conductances were normalcovered microbeads (Dynabeads M-450 CD8, Dynal, Norway) susized to the maximal conductance between Ϫ80 and ϩ20 mV and pended in 200 l DMEM were added to the cell suspension and fitted to the two-state Boltzmann equation: gently shaken. In order to allow for patch excision in single-channel studies, tsA201 cells were plated on glass coverslips pretreated f (x) ϭ Ϫ1 e 
